Ribosomes from the extreme thermophile Thermus thermophilus are capable of translation in a coupled transcription-translation system derived from Escherichia coli. At 45 C, T.thermophilus ribosomes translate at $25-30% of the maximal rate of E.coli ribosomes, and synthesize full-length protein.
INTRODUCTION
There is little controversy over the universality of the key elements of the bacterial translational apparatus; the widely accepted view is that ribosomal RNA (rRNA) is the key catalytic element in translation, reinforced by the extraordinarily high degree of conservation existing within the crucial domains in each of the rRNAs (1) . Concomitantly, there has been the increasingly tacit view that, given this high degree of conservation, all bacterial ribosomes must function in very much the same way. Thus, the genetic and biochemical data, acquired principally from Escherichia coli, which have been used to develop functional models of protein synthesis, are being interpreted in the light of crystal structures from other bacteria (2, 3) and even from an archaeon (4) . One way to address the validity of this extrapolation, is to explore the exchangeability, or otherwise, of components of the translational machinery from two diverse species. In this work, we have chosen to examine the ribosomes and initiation factors (IFs) from E.coli and the extreme thermophile Thermus thermophilus in an in vitro coupled transcription-translation system derived from E.coli.
There are a number of reasons to have chosen T.thermophilus, aside from the fact that many of the relevant crystal structures are from this organism (2, 3, 5, 6) . The evolutionary distance between E.coli and T.thermophilus spans the divergence of Gram-negative from Gram-positive organisms, with T.thermophilus being one of the most deeply branching bacterial species known (7), so questions concerning the conservation of the translational machinery over great evolutionary distances can be addressed. The use of T.thermophilus also allows us to ascertain whether adaptation to extreme temperature requires alteration in conserved structural elements involved in inter-subunit communication or in translational factor interactions with the ribosome. Specifically in this work, we have asked whether there is compatibility between the subunits and between the IFs.
In vitro coupled transcription-translation seems, at first sight, an extremely demanding assay system; however, the arguments for its use are compelling. Provided the production of full-length protein products can be achieved, then the consequences for the polypeptides formed of using heterologous factors and subunits can be examined. We previously developed the system employed here for coupled transcriptiontranslation in Streptomyces lividans (8) . This in turn was derived from an efficient E.coli system (9) developed from early work by Zubay (10) . All these systems employed crude cellular fractions that contained all the enzymes required for transcription and translation. Subsequently (11), the crude extract was depleted of ribosomes, providing a system that was now dependent on the addition of exogenous ribosomes, although only those derived from other Streptomyces spp. were tested in that study. Here, we took advantage of such a depleted system to examine whether ribosomes from T.thermophilus can translate mRNA transcribed in vitro from a DNA template using only components produced from E.coli.
We report here that translation is indeed possible in such an in vitro chimeric system, albeit at a temperature (45 C) between those required for optimal growth of T.thermophilus (72 C) and E.coli (37 C). This finding opens the potential for exploring other cross-species compatibilities. Additionally, as this system is absolutely dependent upon added IFs, translation by ribosomes from the mesophilic E.coli in concert with translational factors from the thermophilic T.thermophilus could be explored.
MATERIALS AND METHODS
Preparation of coupled transcription-translation extracts from E.coli strain MRE600
Cultures of E.coli strain MRE600 were grown in LuriaBertani (LB) medium at 37 C to OD 600 0.4-0.5. Cells were harvested (Sorvall RC5 centrifuge; GSA rotor; 5000 r.p.m., 10 min, 4 C), washed twice with 0.5 vol buffer containing 10 mM HEPES-KOH pH 7.6, 10 mM MgCl 2 , 1 M NH 4 Cl, 5 mM b-mercaptoethanol, and once with 0.25 vol cracking buffer (CB) (10 mM HEPES-KOH pH 7.6, 10 mM MgCl 2 , 50 mM NH 4 Cl, 10% v/v glycerol, 5 mM b-mercaptoethanol). Cells were resuspended in CB (1.5 ml/g cells) and pressed once in a French pressure cell at 3500-4000 psi. Cell debris and high molecular weight DNA were pelleted by centrifugation (Beckman L8, Ty65 rotor, 30 000 r.p.m., 30 min, 4 C). Ribosomes were removed from the supernatant by further centrifugation (Ty65 rotor, 40 000 r.p.m., 4 h, 4 C). The supernatant was depleted of lower molecular weight DNA by treatment with CaCl 2 (1 mM final) and staphylococcal (S7) nuclease (750 U/ml, 20 min, 30 C), and the nuclease was silenced by the addition of EGTA (2 mM final). Finally, the extract (S100) was dialyzed against 2 · 1000 vol CB for 1 h at 4 C, and stored at À80 C. Activity was stable over at least 6 months, provided extracts were not refrozen.
Protein synthesis in coupled extracts
Protein synthesis was totally dependent upon exogenous ribosomes (or subunits), template DNA and IFs. Typically, reaction mixes (15 ml) contained 4-6 pmol ribosomes (70S ribosomes or equimolar amounts of 50S plus 30S subunits); IFs (optimized input of 10 pmol each of IF1, IF2 and IF3); S100 (optimized input, but typically 5 ml); synthesis mix (4 ml; see below); [ 35 S]-methionine (1 ml; specific activity 1000 Ci/mol, 15 mCi/ml for gel analysis; diluted to 6000 c.p.m./pmol, 88 mM with cold methionine for time courses); MgCl 2 (12 mM final); and reactions were started by the addition of template plasmid pUC18 (1 mg). Incubation temperatures and times are as indicated.
For time courses, samples were removed directly into 1 ml trichloroacetic acid (TCA; 10% w/v), boiled for 10 min, filtered through Whatman GF/A 2.5-cm diameter discs, and washed with 10 ml TCA (5% w/v). Discs were dried and radioactivity was estimated by liquid scintillation spectrometry. All time courses were repeated at least four times with at least two different preparations of ribosomes or subunits.
For gel electrophoresis, reaction mixes were incubated for 20 min at the temperature indicated, 1 ml was removed for estimation of [ 35 S]-methionine incorporation as described above, unlabelled methionine (1 ml of a 0.44 mg/ml solution) was added, and the chase carried out for a further 10 min. Proteins were either loaded directly in the reaction mix ( Figures 1C and 2B ) or were precipitated from reaction samples by addition of an equal volume of ice-cold 20% (w/v) TCA, recovered by centrifugation and washed with acetone prior to dissolving in loading buffer ( Figure 4C ). SDS-PAGE (15% acrylamide) (12) was carried out in a BioRad mini-Protean II gel system at 150 V. Gels were fixed for 15 min in methanol:glacial acetic acid:water (30:10:60), dried, and exposed to Kodak X-Omat film. Gel analysis of products under each experimental condition was carried out at least twice and with different preparations of ribosomes or subunits.
Synthesis mix
The mix contains energy sources, amino acids, buffer, crowding agents and monovalent cations (concentration in synthesis mix are indicated in parenthesis). Composition: HEPES-KOH pH 8.2 (205 mM); DTT (7 mM); ATP, pH adjusted to 7.0 with KOH (5 mM); CTP, GTP, UTP, pH adjusted as for ATP (each at 3.5 mM); amino acids, excluding methionine (each at 1.5 mM); PEG-6000/8000 (8% w/v); folinic acid (293 mM); pyruvate kinase (250 U in 20% v/v glycerol); phosphoenolpyruvate, pH adjusted to 7.0 with Tris base (107.8 mM); ammonium acetate (143 mM); potassium acetate (286 mM).
Preparation of ribosomes and subunits
Preparative techniques were essentially identical for particles from both E.coli and T.thermophilus cells. Cultures of E.coli strain MRE600 were grown as described above; cultures of T.thermophilus strain HB8 were grown in Thermus Enhanced Medium (ATCC medium 1598) at 72 C with vigorous aeration, and cells were harvested when OD 600 readings of 0.5-0.6 were reached. Cells were harvested and washed as described above, but cracked at 20 000 psi in the presence of DNase I (10 mg/ml final; Worthington). Cell debris was pelleted as described above, the S30 was brought to 0.5% w/v with Brij58, incubated for 30 min at 4 C, then layered over an equal volume of buffer containing 10 mM HEPES-KOH pH 7.6, 10 mM MgCl 2 , 1 M NH 4 Cl, 10% w/v sucrose, 5 mM b-mercaptoethanol. The ribosomes were pelleted by centrifugation (Ty65 rotor, 40 000 r.p.m., 4 h, 4 C). Ribosomes were resuspended in CB, layered over 10 vol of the same buffer containing 40% w/v sucrose, and sedimented by centrifugation (Ty65 rotor, 20 000 r.p.m., 14 h, 4 C). Finally, ribosomes were resuspended in CB and stored in small aliquots at À80 C. For subunit preparations, ribosomes were dialyzed against buffer containing 10 mM HEPES-KOH pH 7.6, 1 mM MgCl 2 , 50 mM NH 4 Cl, 5 mM b-mercaptoethanol, layered over 36-ml 0-12.5% sucrose gradients in the same buffer (max. 60 A 260 units/gradient), and centrifuged (SW28 rotor, 15 000 r.p.m. 16 h, 4 C). Gradients were collected by pumping through an ISCO density gradient fractionator and appropriate fractions pooled conservatively. The MgCl 2 concentration was raised to 10 mM, the sucrose was removed by dialysis against CB, and subunits pelleted by centrifugation (Ty65 rotor, 40 000 r.p.m., 14 h, 4 C). Finally, subunits were resuspended in CB and stored in small aliquots at À80 C.
Cloning of T.thermophilus IFs
The strategy for cloning each of the IFs was identical. Oligonucleotides were designed to be complimentary to up-and downstream regions of genomic DNA immediately flanking the factor of interest. An NdeI site was incorporated in the upstream oligonucleotide and an EcoRI site in the downstream oligonucleotide. PCR amplification from genomic T.thermophilus DNA was carried out, and products were digested with NdeI and EcoRI and ligated into the similarly digested pET30b vector (Novagen, Wis.). Importantly, expression is tightly regulated by the T7 promoter, avoiding problems normally associated with lethality due to overexpression of translational factors. Ligation mixes were transformed into competent E.coli DH5a cells and appropriate regions of plasmids recovered from transformants were analyzed by complete sequencing of both strands (UC Davis, CA). Sources of the genomic DNA sequences and sequences of the oligonucleotide PCR primers were as follows: IF1 (13) (accession number AJ495839) upstream:
0 . As a consequence of the cloning strategy, silent mutations were introduced into start and stop codons in some of the factors. Termination codons in IF1 and IF3, which in the wild-type gene are TAG, were changed to TGA. The initiation codon of the native protein IF3 is ATA (13) and was changed to ATG.
Translational factor purification
Cultures of E.coli strain BL21(DE3) carrying each of the pET30b constructs encoding the relevant cloned T.thermophilus translational factor were grown for approximately 2 h at 37 C, then expression of the protein was induced by addition of isopropyl-b-D-thiogalactopyranoside (1 mM final concentration) and growth continued for 2-4 h. Cells were harvested and washed by centrifugation (Sorvall GSA rotor, 5000 r.p.m.), cracked in a French pressure cell (20 000 psi) in CB, and cell debris removed by centrifugation (Beckman L8, Ty65 rotor, 30 000 rpm, 4 C). Many of the contaminating E.coli proteins were denatured by heating at 72 C for 30 min and removed by centrifugation (12 000 g, 10 min). Proteins were then concentrated by centrifugation using Centricon (Amicon) units with appropriate molecular weight cut-offs. Concentrations were determined from the extinction coefficients. Chromosomal DNA fragments were removed by treatment with staphylococcal nuclease as described above.
IFs from E.coli and Bacillus stearothermophilus were purified as previously described (15, 16) , and were a generous gift from Anna La Teana (University of Ancona, Italy).
Translational factor activity assays IF2 was assayed for its ability to hydrolyze GTP in a ribosomedependent manner (17) . IF1 produced an 8-fold increase in [
35 S]fmet-tRNA fmet binding to ribosomes in the presence of an excess of IF2 (18) . IF3 was assayed for its ability to dissociate 70S ribosomes into subunits (18) . All factors were active in the assays employed, regardless of the source of the ribosomes.
RESULTS

Effect of temperature on in vitro protein synthesis
One of the obvious parameters to address in attempting in vitro protein synthesis by ribosomes from a thermophilic organism in extracts derived from a mesophile is the assay temperature. Optimum growth for E.coli MRE600 cells is $37 C, although the upper limit of cell survival is $49 C with appropriate nutritional supplements (19) . For T.thermophilus, the optimum growth temperature is 72 C, with a minimum temperature for growth of $55 C (7). Accordingly, incorporation of [ 35 S]-methionine into TCA-precipitable material using the in vitro transcription-translation system was measured over a range of temperatures ( Figure 1A and B) . E.coli ribosomes performed optimally at 37 C ( Figure 1A) , with synthesis levels reducing as the temperature increased. At 37 C, as anticipated, T.thermophilus ribosomes barely synthesized peptide ( Figure 1B) . At 45 C, however, synthesis was around 25-30% that of E.coli at 37 C ( Figure 1B) , an unexpected result as this is almost 30 C below the optimum growth temperature for the organism and 10 C below its lowest viable growth temperature. The lower incorporation at 50 C compared with that at 45 C was almost certainly a consequence of heat denaturation of some essential E.coli transcriptional and/ or translational component(s) of the reaction; indeed, a precipitate in the reaction mix became visible over the time course of the reaction. When incorporation directed by T.thermophilus ribosomes was examined over shorter time points (data not shown), the initial rate of the reaction was actually faster at 50 C than at 45 C, implying that the major contributory factor to the reduced rate of incorporation relative to that seen with E.coli ribosomes might well be temperature.
Peptides as short as five amino acids are precipitated by TCA; simply measuring radiolabel incorporation, therefore, gives little estimate of the processivity of the reaction.
To assess the extent of elongation achievable, we examined the translation products of the reaction by SDS-PAGE ( Figure 1C) . The principle product formed by E.coli ribosomes (lanes 1 and 2) at both 37 and 45 C is a single polypeptide of a molecular weight corresponding to that of b-lactamase (31 557 Da), the largest protein encoded by plasmid pUC18. Crucially, T.thermophilus ribosomes are capable of synthesizing full-length protein in the E.coli milieu (lanes 3 and 4), with a band produced that also corresponds in size to b-lactamase (arrowhead 1). The temperature at which the reaction is carried out (45 or 50 C) appears to make little difference to the size and range of the polypeptides synthesized. If translation were totally aberrant, with random initiation, termination and frameshifting, it is likely that a complete range of product sizes would be obtained which, upon gel electrophoresis, would produce a smear. Other open reading frames on pUC18 exist, however, and some of these have recognizable, although sub-optimal, ribosome binding sites (20) . Notably, one within the b-lactamase gene itself encodes an approximately 24-kDa product (arrowhead 2), and there are a number that would generate polypeptides in the 10-13 kDa range (ExPASy Translate Tool; http://us.expasy.org), consistent with the heavy banding pattern seen in that region of the gel. There is also a product formed of $39 kDa (arrowhead 3), $7.5 kDa larger than b-lactamase, perhaps a product of, e.g. stop codon readthrough. Whatever the explanation for these extra products, however, there is no doubt that T.thermophilus ribosomes are capable of synthesizing full-length protein in an E.coli background and, therefore, of interacting in an appropriate fashion with all of the E.coli translational factors and tRNAs.
In vitro protein synthesis by heterologous ribosomes
From cryo-electron microscopy studies, it is now clear that there are large relative rotational movements between the subunits during the elongation cycle [for review see (21)]. To address the question of whether ribosomes from species adapted to different growth temperatures might have developed strongly temperature-dependent movement, we examined protein synthesis with homologous and heterologous combinations of subunits. Broadly, any combination involving a T.thermophilus component has reduced synthesis capacity (Figure 2A) , although both heterologous combinations are capable of protein synthesis. Closer examination of the translation products ( Figure 2B ) was more informative. With E.coli 30S subunits, regardless of the source of the 50S subunits (lanes 1 and 2) , the product banding patterns are identical and closely similar to the products of E.coli 70S (cf. lane 1; Figure 1C, lanes 1 and 2) . Conversely, with T.thermophilus 30S, again regardless of the 50S source, the banding patterns are also identical (lanes 3 and 4) but are now the same as those produced by T.thermophilus 70S ( Figure 1C,  lanes 3 and 4) . Clearly, the source of the 30S subunit is critical in determining the range of products synthesized. Presumably, with T.thermophilus 30S subunits, the sub-optimal temperature may permit the formation of initiation complexes on mRNA sites with lower affinity than the correct ribosome binding sites, resulting in aberrant translation initiation and hence erroneous products. The overall conclusion, however, is that T.thermophilus subunits in combinations with E.coli subunits are able to synthesize full-length polypeptides, suggesting that there must be a high level of conservation of appropriate inter-subunit bridging.
Effects of adding T.thermophilus IFs to the coupled transcription-translation system
The coupled transcription-translation system is almost totally dependent upon the addition of all three IFs, which in the experiments described thus far have been supplied from E.coli. We have, therefore, the opportunity to examine whether the products of translation are affected by the source of the factors. All three T.thermophilus IFs have previously been cloned (13, 14) , but with histidine tags to aid purification. Although the presence of tags has not been reported in the case of IFs to cause problems, for elongation factor G, at least, there is evidence that histidine tagging may inhibit translocation (22) . For use in the coupled transcription-translation system, purification of the factors to homogeneity was a lesser requirement than the need to use proteins of native sequence, so we cloned each of the factors without histidine tags so that only completely native protein would be expressed. Purification of each of the factors relied largely upon the thermostability of the T.thermophilus proteins. Thus, a single heat denaturation step of the E.coli S30 resulted in >90% purification (Figure 3) (12,23) .
At a 2-fold molar excess over ribosomes of each of IF1, IF2 and IF3, the activity of E.coli ribosomes was the same, regardless of the source of the factors ( Figure 4A ). Addition of each of the factors individually did not stimulate translation, nor did the combination of IF1 and IF2 or of IF1 and IF3 (data not shown, but closely similar to that shown for synthesis in the absence of added IFs). The combination of IF2 and IF3, however, did allow translation to about half the level achieved with all three factors ( Figure 4A ), indicating that a low level of IF1 must be present in the S100. Similarly, when T.thermophilus ribosomes were used, all three IFs were required for maximal synthesis, although again the source of the factors made no difference ( Figure 4B) . Again, only the IF2 plus IF3 combination promoted synthesis (to $50% of the maximal level). At the least, it would appear that IFs from either E.coli or T.thermophilus are equally effective in supporting protein synthesis in the coupled transcription-translation system.
The effects of IFs on the pattern of translation from either E.coli ( Figure 4C, lanes 1 and 2) or T.thermophilus (lanes 3 and 4) ribosomes were examined with either E.coli IFs (lanes 1  and 4) or T.thermophilus IFs (lanes 2 and 3) . Overall, the products of translation appear independent of the source of IFs, with a polypeptide corresponding in size to b-lactamase being synthesized with all sets of ribosome-factor combinations. Curiously, the products in the 10-13 kDa range appear much more intense, relative to the 31.5 kDa band in the homologous T.thermophilus combination (lane 3). We currently have no explanation for this result.
DISCUSSION
The notion that protein synthesis is a universal phenomenon achieved by broadly similar mechanisms across each of the three domains of life is compelling, but one that has rarely been tested. We and others have examined the consequences of constructing chimeric ribosomes, asking questions concerning the mechanistic universality of the GTP hydrolysis center on the large subunit (24) (25) (26) and of the peptidyl transferase center (27) . Recently, the compatibility of protein L7/L12 between mitochondrial and E.coli ribosomes, focussing again on the GTP hydrolysis center, underlined the functional conservation of the proteins, but also differences in detail (28) . These differences between organisms can be exploited to advance our understanding of translation at the molecular level. The use of a coupled transcription-translation system in which heterologous ribosomes can be examined is, therefore, an important tool for determining whether differences exist in the details of protein synthesis between organisms. For example, questions concerning the compatibilities of translational factor interactions and of subunit-subunit communication can be addressed. Determining which molecular contacts are critical for function, of course, relies heavily on available atomic-level structures in order to interpret results. While the reasons for choosing T.thermophilus for this study were in part based on the crystal structures available, an important general point is that ribosomes from many other organisms may potentially be studied in this way. Additionally, the in vitro system has been used to compare relative rates of translation between mutant and wild-type ribosomes and to examine antibiotic resistance profiles.
We have shown here that it is indeed possible to examine protein synthesis directed by T.thermophilus ribosomes in an E.coli extract. Despite its low processivity, compared either to calculated in vivo rates (29) or to optimized in vitro systems (30) , it appears that the principle reason for the low rates of protein synthesis achieved by T.thermophilus ribosomes and subunits is primarily an effect of temperature. This is not surprising, given the great differences in growth temperature optima of the two organisms (72 C for T.thermophilus, 37 C for E.coli). On the other hand, it may well be possible that even when optimal conditions are achieved, T.thermophilus ribosomes may not be capable of translation at the same rate as those from E.coli; doubling times for T.thermophilus HB8 (39 min) (31) exceed twice that of E.coli MRE600 (18 min; our unpublished measurement). The fact that full-length proteins are synthesized by heterologous combinations of subunits indicates that subunit-subunit interactions are highly conserved. While this might not be an unexpected observation given the known sequence conservation of the bridge elements (1), it is likely that the temperature dependence is due to differences in distal, less well-conserved regions. Equally, that the system is capable of synthesizing a product of the correct size, also implies that each of the E.coli translational factors is capable of appropriate and functional interaction with T.thermophilus ribosomes. While it has not been possible to examine all of the translational factors in detail here, the dependence of the system upon exogenous IFs has at least allowed a preliminary examination of their compatibility at the level of gross peptide synthesis in this in vitro environment. It is worth noting here that IFs from Bacillus stearothermophilus are also able to support translation with E.coli ribosomes (our unpublished observation), so a reasonably high level of conservation in all three IF interactions with the ribosome seems to be maintained.
Initiation of translation involves the assembly of the 30S subunit with an initiation codon at the P site, initiator tRNA and the three IFs [for review see (32) ]. The precise roles of the individual IFs in this process are becoming clearer, aided by some crystallographic details. IF1 augments the activity of both IF2 and IF3, and there is a suggestion that it may promote initiation complex formation by occluding the 30S subunit A site. Upon binding, IF1 appears to cause a number of conformational changes in the subunit (5). The protein is highly conserved between E.coli and T.thermophilus (13) , and given that the protein structure appears not to change upon binding the 30S subunit and that the conformational changes it exerts are upon highly conserved rRNA regions, the compatibility of IFs from both organisms is not too surprising. IF2, a GTPase protein, is less well conserved, with a substantial size difference between the T.thermophilus and E.coli orthologs. There is, however, reasonable structural conservation in the N-terminal ribosome binding region and the nucleotide binding domain (33) . The NMR structure for the N-terminus of the E.coli protein, in particular, indicates that this three-helix structure should be well conserved (34) . IF2 appears to function by binding the initiator tRNA to the P site and is important for the recruitment of the 50S subunit to the 30S initiation complex. Clearly, it interacts with the factor binding domain of the 50S subunit (35) , although the role of GTP hydrolysis is disputed. Given the large size of this protein and the flexibility of some of its regions, the interchangeability of IF2 between E.coli and T.thermophilus is somewhat surprising. Detailed analysis of the interaction of the IF2s with the subunits from each of these organisms will be the subject of future scrutiny. The last in the trio of initiation factors, IF3, is also well conserved (13) . This factor functions to prevent subunit association until initiation complex formation is appropriate, at which time it facilitates the binding of IF1 and IF2. The protein is structurally divided into approximately two equal halves, separated by a lysine-rich linker region that has been proposed to act as a strap but can be of variable length (36) . The structures of both the N-and C-terminal halves have been examined crystallographically in 30S subunits of T.thermophilus (6) and reveal that the C-terminal domain binds close to the anti-Shine-Dalgarno region of 16S rRNA, while the N-terminus binds in the vicinity of the P site, thus explaining the requirement for the flexibility of the linker. As with IF1, binding of IF3, and particularly the C-terminal domain, induces conformational changes in the 30S subunit and not in IF3 itself, so again the exchangeability of the factor indicates conservation of the recognition sequences.
The ribosome itself undergoes a series of conformational changes during translation, in particular large inter-subunit motions (21) that are, of course, subject to kinetic constraints. This may help to explain why T.thermophilus ribosomes function so slowly at sub-optimal temperatures. It would appear, however, that there are no inherent species-specific barriers to inter-subunit communication between ribosomes of the two organisms studied here. The nature of the 30S subunit-and IF-specific differences in the products of translation between T.thermophilus and E.coli currently remain unresolved. Overall, however, we conclude that the conservation in the bacterial protein synthetic machinery is high enough, at the least, to warrant the extrapolation of crystallographic data from T.thermophilus to E.coli for functional considerations.
